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The Feynman Path Integral formalism has long been used for calculations of probability am-
plitudes. Over the last few years, it has been extensively used to theoretically demonstrate that
the usual application of the superposition principle in slit based interference experiments is often
incorrect. This has caveat in both optics and quantum mechanics where it is often naively assumed
that the boundary condition represented by slits opened individually is same as them being opened
together. The correction term comes from exotic sub leading terms in the Path Integral which can
be described by what are popularly called non-classical paths. In this work, we report an experiment
where we have a controllable parameter that can be varied in its contribution such that the effect
due to these non-classical paths can be increased or diminished at will. Thus, the reality of these
non-classical paths is brought forth in a classical experiment using microwaves, thereby proving
that the boundary condition effect being investigated transcends the classical-quantum divide. We
report the first measurement of a deviation (as big as 6%) from the superposition principle in the
microwave domain using antennas as sources and detectors of the electromagnetic waves. We also
show that our results can have potential applications in astronomy.
Young’s double slit experiment plays a pivotal role in
Physics especially Optics and Quantum Physics. In Clas-
sical Optics, it demonstrates the wave nature of light.
In the quantum mechanical domain when performed us-
ing single particles, it is a classic demonstration of the
wave-particle duality of light and matter. Nobel laureate
Richard Feynman famously said that it contains within
it all the mysteries of Quantum Mechanics. Having said
that, how well do we understand the various facets of the
double slit experiment?
One of the assumptions that is commonly made in exposi-
tions of the double slit experiment is about superposition
of the solutions to the wave equation with slits opened in-
dividually being the same as the solution with both slits
opened at the same time. For instance, in a double slit
set-up, if the solution to the wave equation with slit A
open is given by amplitude φA and the solution with slit
B open is given by amplitude φB , then the solution when
both slits are simultaneously open is commonly taken to
be φA + φB [1–5] . This is done both in the classical do-
main for instance superposing solutions to the Maxwell
equations as well as in the quantum domain for instance
superposing solutions to the Schrodinger equation. The
fact is that this naive application of the superposition
principle is not strictly true in both classical and quan-
tum domains as solutions can only be superposed when
they satisfy the same boundary conditions. This was
quantified by [6] where the authors theoretically quanti-
fied the deviation in terms of the normalized version of
the Sorkin parameter κ [7], which turns out to be non-
zero when the boundary conditions are correctly taken
into account. In their work, the authors used the Feyn-
man Path Integral formalism to quantify the effects. In
the formalism, classical refers to paths which extremize
the action whereas non-classical refers to the sub-leading
paths which do not extremize the action. Representative
paths are shown in the inset of Figure 1. When only
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classical paths are accounted for, κ is manifestly zero.
Taking into account non-classical paths which actually
represent the deviation from the superposition principle
makes κ a non-zero quantity. It was found that simula-
tions in [6] were equally applicable to both the quantum
and classical domain. This was followed by an analytic
version of the work [8]. In [9], Finite Difference Time
Domain (FDTD) simulations of κ were carried out which
showed that the boundary conditions play a crucial role
in the classical electromagnetic domain.
The importance of boundary conditions was first pointed
out by Yabuki [10] in his theory work involving path in-
tegrals and double slits. However, although there has
been a lot of theoretical interest in this problem over the
last few years, experiments to measure this quantity [11–
13, 15–18] have been unable to report a non zero value for
κ due to the error contribution being much larger than
the expected non-zeroness of κ. Earlier experiments on
measuring the non-zero Sorkin parameter were focused
on quantifying the accuracy of the Born rule for proba-
bilities in quantum mechanics. According to [7], a non-
zero Sorkin parameter would imply violation of the Born
rule. However, [6, 8, 9] have shown in recent times that
the Sorkin parameter was never meant to be zero anyway
due to boundary condition considerations, thus making
it a less efficient measure for the Born rule, especially
in slit based interference experiments. In this paper, we
report measurement of a non-zero Sorkin parameter for
the first time in the microwave domain using a triple slot
experiment which is much above the error bound. We
find that boundary condition arguments related to the
correct application of the superposition principle are suf-
ficient to explain the non-zero value and thus exemplify
that Born rule need not be violated for a non-zero Sorkin
parameter.
Another recent work [19] has shown the measurement
of a non-zero Sorkin parameter in a completely different
experimental scheme using fundamentally different am-
plification techniques for an enhanced effect. Their triple
slit experiment was done using single photons of 810 nm
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2FIG. 1. A schematic of the experimental set-up. The green antennas on either side are pyramidal horn antennas which act
as the source and detector of electromagnetic waves respectively. The detector antenna is placed on a moving rail to enable
measuring of diffraction patterns. The three slots are placed between the source and the detector. The inset shows a triple slit
schematic where the blue line is a representative classical path and the green line a representative non classical path in path
integral formalism.
wavelength by enhancing the electromagnetic near-fields
in the vicinity of slits through excitation of surface plas-
mons in the material used for etching the slits. Thus,
they enhanced the Sorkin parameter by using near field
components of the photon wave function and material in-
duced effects. On the other hand, not only have we have
observed non zero Sorkin parameter which is purely due
to length scale dependent boundary condition effect on
the superposition principle, our experiment is also in a
completely different wavelength domain. As per [6, 8],
the Sorkin parameter is a length scale dependent param-
eter and we have used this to our advantage by designing
an experiment which uses the microwave length scale to
predict and observe a large parameter, much above the
error bound. Our experiment is also unique in being a
tunable experiment in which we have used obstructions
to the slit plane to minimize and finally cancel the effects
due to the non classical paths and then remove the ob-
structions to bring the effect back. Thus, we can increase
and decrease the effect due to the non-classical paths at
will, making this a definitive proof of their existence than
for instance [19] which could only see the effect due to
all possible paths (and not have any control on the pres-
ence/absence of non classical paths) but did not have the
ability to tune them at will. Our experiment thus brings
forth the reality of Feynman paths in a classical domain.
We have performed a precision triple slot experiment
on an open field in the centimetre wave domain using
pyramidal horn antennas as sources and detectors of elec-
tromagnetic waves and specially manufactured compos-
ite materials as microwave absorbers to provide us with
the slots. The open field chosen was in a remote obser-
vatory which is free from spurious rf noise, man made
noise and interference as well as negligible ground re-
flections, almost mimicking an anechoic chamber. The
measured graphs of κ as a function of detector position
have good agreement with theoretically simulated plots
using the Method of Moments (MOM is a 3D simulation
technique in which exact horn detector and slot mate-
rial parameters can also be simulated). These results
demonstrate the importance of taking proper boundary
conditions into consideration while applying the super-
position principle in slit/slot based interference experi-
ments.This is essentially a boundary value problem and
need not need a quantum mechanical explanation per
se. They also describe experimental situations in which
the non-zeroness of the Sorkin parameter need not be a
good measure for Born rule violation. Our experiment
is actually testing the length scale dependent boundary
condition effect on the application of the Superposition
principle in interference experiments. Thus, it also serves
as a guide to future experiments intending to test Born
rule violations which need to be properly designed to
minimize these effects. They also exemplify a situation in
which not just the classically dominant paths in the Path
Integral formalism has been used to explain experimen-
tal observations. They thus bring forth the experimental
reality of the winding paths in Path Integrals.
3FIG. 2. On top is a simulation result which is a plot of κ as a function of detector’s angular position (which is the angle
subtended at the detector plane by the centre of the slot plane) when the superposition principle is incorrectly applied. We
have obtained this by taking into account only classical paths in the path integral formalism whereby κ is manifestly zero.
The plot below is a representative experimentally measured κ as a function of detector’s angular position. The red markers
represent the median κ at each position. The black lines denote the interquartile range with outliers removed. A few detector
positions had one or two outliers. The blue band represents the theory band obtained from MOM based simulation. To create
the theory band, we simulated κ for the experimental parameters taking into account uncertainties in the parameters. Major
contributions to the band came from antenna probe wire height, distance from backplate, interslot distance as well as the
material refractive index based uncertainties.
4FIG. 3. The plot on top is for source-slot plane distance of 1.25 m. The middle plot is
for source-slot plane distance of 2 m. The bottom plot is for source-slot plane distance
of 3 m. Slot plane - detector plane distance is kept 1.25 m in all three cases. As can be
seen, experiment and theory match very well in all cases. Theory predicts a drop in the
κ values with increasing source-slot plane distance which is corroborated by experiment.
As distance increases, the noise remains similar but signal drops making signal to noise
go down which results in generally bigger error bars at larger distance.
5I. RESULTS
In this paper [20, 21], we report results of a triple slot
experiment. As the dimensions are macroscopic (cen-
timetre scale), for a commensurate slit based experiment,
in order to consider a suitable outer box for simulations,
we would need to etch the slits in an absorbing layer
which needs to be several metres long. This is both
practically and economically prohibitive. On the other
hand, having absorbing slots surrounded by free space it
is much simpler to mimic infinitely large boundaries.
The definition of κ in case of the triple slot experiment
becomes:
κ =
pBG − (pABC − pAB − pBC − pCA + pA + pB + pC)
Max(pBG)
,
(1)
where pBG is the magnitude of the Poynting vector at a
certain detector position due to the horn source (in ex-
periment, it is the measured power value) and Max(pBG)
is the maximum value of the same. px stands for mag-
nitude of the Poynting vector at a certain detector po-
sition due to the presence of slot combination x where
x = A,B,C,AB,BC,AC,ABC. Further details on the
above definition are included in [22].
A. Experimental details
Figure 1 shows the details of the experimental set-up.
We have a pyramidal horn antenna acting as a source of
electromagnetic waves at 5 cm wavelength. These waves
are incident on slots which are 10 cm wide having an
inter-slot distance of 13 cm (centre to centre). The slots
are composite structures which consist of two layers of
specially manufactured materials which act as near per-
fect absorbers of microwave frequency (Eccosorb SF6.0)
sandwiched with an aluminium layer in between to enable
even more perfect absorption especially of back reflected
beams which may make their way back to the source an-
tenna from the detector. We have done some rigorous
analysis of such back reflection and concluded that they
do not affect our experiments [22]. The detector antenna
is also a horn antenna similar to the source but housed on
a moving rail to enable collection of data as a function of
detector position. We use a high frequency power probe
to record power values for the different combinations of
slots required for measuring κ as a function of detec-
tor position. The measurement involves eight separate
experiments which measure the individual contributions
to equation 1. A ninth measurement involves measur-
ing with source off and detector on to confirm that the
antenna does not pick up any comparable signal from
unknown emitters in the environment. This was several
orders of magnitude lower than the measured values with
the source on leading to a very low stray signal level. In
the Methods section, we have included technical details
on how we aimed at achieving perfect alignment which
plays a crucial role in a precision experiment like this
one.
B. Experimental results
Figure 2 shows a representative plot of κ as a function
of detector position at a source detector separation of 2.5
metres (1.25 metres between source and slots plane and
same distance between slot plane and detector plane).
The detector movement is controlled using a 10 RPM
DC motor. At each detector position, all eight contribu-
tions to equation 1 are measured by placing and remov-
ing slots as required before the detector is moved to the
next position. This way, we ensure that the κ value at
a certain detector position is measured on a short time
scale and fluctuations due to the environment do not af-
fect the individual contributions in such a way that it
can affect the value of κ measured. We have ensured
that our measurement time scale is sufficient by actu-
ally measuring an antenna radiation pattern as a back-
ground measurement before measuring the pattern due
to a particular slot combination. These background pat-
terns overlap during the κ measurement time indicating
that our noise fluctuation time scale is much longer than
the measurement time. The background corresponding
to a certain slot combination is taken to be the average of
the background value measured before the combination
and after. The formula for κ measured experimentally is
modified as follows.
κ = γ(PABC − PAB − PBC − PCA + PA + PB + PC)(2)
where Pα =
pBGα−pα
pBGα
, α = A,B,C, ...ABC slots being
present and pBGα refers to the background correspond-
ing to each combination. γ =
pBG(at x=xD)
Max(pBG
, xD being a
certain detector position. As can be seen, at the position
corresponding to maximum of the background, which is
usually the centre of the radiation pattern, γ = 1 and
the equations 1 and 2 become equivalent. By defining in-
dividual background contributions to the different terms
in equation 1, we can take care of varying source power,
if any, between combinations. The background value is
measured using a reference detector and also by aver-
aging between background values measured before and
after each combination which turn out to be equivalent
in our case.
For each combination, 3000 data points are collected, the
median of which contributes the measured power value.
Thus each κ value has 3000 measured values for each
combination. The number 3000 was arrived at after sam-
pling for both lower and higher number of data points
(it was found that the κ values converge to the same
value for 2000 data points per combination itself so we
decided to measure 3000 data points for each combina-
tion to overcompensate). 10 measurements of κ were
done at each detector position and the median value has
been chosen as the representative value. The errors for
each value have been represented by box plots [14]. Fur-
ther details on choice of measurement statistics as well as
error analysis are given in the Methods section. We have
also randomised the order in which slot combinations are
measured and ensured that κ remains constant.
6Figure 3 shows measured κ as a function of detector po-
sition for three different source-detector distances. This
was done to ensure that the match between theory and
experiment persists even on changing some changeable
parameters in the experiment.
C. Killing κ with a baffle
In order to have an independent check on the fact that
κ as measured is not due to some unaccounted for errors,
we have added absorbers perpendicular to the slots (in
between the slots) to in principle “slowly kill” the effects
due to non classical paths (see Figure 4). [6] had postu-
lated that the paths which cross the slit plane twice i.e.
the hugging paths would have maximum contribution to
κ. By placing such perpendicular baffles and measuring
κ as a function of increasing baffle size, we find that κ
decreases with increase in baffle size and show that it is
indeed the hugging paths that contribute maximally to
non-zero κ. Figure 5 shows |κ| at central detector posi-
tion as a function of increasing baffle size. This is defini-
tive alternative proof that what we are observing is a real
physical effect and not a result of some unaccounted for
error. This makes ours a tunable experiment where the
baffle size gives the tunability parameter. In the absence
of baffle, both classical and non-classical paths contribute
to κ. As the baffle size increases, the contribution due to
non-classical paths diminishes and finally becomes zero
(which is observed by κ becoming zero). Thus, the baf-
fle experiment demonstrates the true effect due to the
exotic non-classical paths and brings forth the reality of
Feynman paths in a classical domain.
II. DISCUSSION
In addition to the above experiments, we have sim-
ulated the effect on κ from changing detector size and
also done simulations using path integral formalism and
FDTD and compared the two as shown in the Methods
section.
A. Detector non linearity analysis
One of the main errors which can lead to observation
of a non-zero κ will be the non-linearity if any of the de-
tector. If a detector behaves non-linearly with increase
in incident power, then the quantity in equation 1 will
automatically be a non-zero just from such errors. We
have done detailed analysis of detector non-linearity and
found that our measured κ cannot be explained by any
such non-linearity, effects due to which happens to be
much below the measured κ. In our analysis, we have
derived a non-linear function for the detector using both
spline interpolation method as well as polynomial fit and
derived the resultant κ from this function. We have found
the κ value so derived to be much lower than the mea-
sured κ thus indicating that the non linearity effects do
not play a major role in our experiment.
Figure 6 shows four plots.
Plot (6a) shows measured power values in our Agilent
power probe with an Agilent signal generator acting as a
source. If the detector is perfectly linear, then the mea-
sured value will be exactly the same as the input value.
However, no detector can be linear upto arbitrary ac-
curacy. We have used this plot to generate non linear
functions from both spline interpolation method as well
as polynomial fit. Plot (6b) shows the κ that is generated
using only classical paths in the path integral formalism.
As is expected, κ is identically zero ( 10−16 which is the
accuracy of our solver, i.e. float precision for Mathe-
matica.). We have used the power values that lead to
this zero value for κ and feeding them to the non linear
function generated above, derived the power values that
would have been measured. The measured value will vary
from the input value due to various non linearity effects.
Plot (6c) and Plot (6d) show the resultant κ as a func-
tion of detector position. These values represent what
we define to be error κ. What we are verifying in this
experiment is the deviation from the naive application of
the superposition principle. While the naive application
gives us an expected zero value for κ, the correct applica-
tion brings forth the non-zeroness. Following references
[6] and [8], we define κ only in the presence of “classical”
paths or in other words when the Superposition principle
is naively applied. This is expected to be zero in ideal
theory. However, in case of real experimental/simulation
scenarios which involve non-ideal conditions, this quan-
tity can be a non-zero. One has to appreciate that this
non-zero is simply due to different sources of error as the
case may be and has nothing to do with the correction
to the application of the Superposition principle which
is a“real” non-zero as opposed to an error bound. We
call such an error bound“error κ.” This quantity derived
simply from the terms involving classical paths comes in
very handy as it tells us whether some source of error has
a competing effect with the actual non-zero value. Thus
if error κ is lower order in magnitude than actual κ, we
need not worry about a particular error playing a domi-
nant role in explaining the non-zeroness of κ. In case of
Plot (6c) and (6d), as they have been generated from tak-
ing into account only the contribution from the classical
paths in path integral formalism, they should have been
zero. However, non linearity effects make them non-zero.
Figure 7 shows a similar analysis done using WIPL-D
(our MOM solver) in which the accuracy of the solver is
10−4.
Two very important points should be noted here.
• The non linearity effects captured here reflect the
maximum non linearity that can affect our exper-
iment which is of course not representative. Even
in this worst case scenario based simulation, the
values of κ are many times smaller for the interpo-
lation method and two to three orders of magnitude
lower for the polynomial fit. Thus, they do not in
any way explain the results obtained in the exper-
iment.
7FIG. 4. Red lines indicate class of non classical paths that get blocked by baffle, Blue lines indicate those that are still allowed
and may contribute to κ, Pink lines indicate those that get suppressed with increase in baffle size, Green lines indicate classical
paths.
FIG. 5. |κ| at central detector position as a function of baffle size. Red markers represent medians of 10 measured |κ| values for
different baffle sizes, black lines denote the interquartile range, shaded blue region is the theory band from MOM simulation.
We have used pBG at the central detector position as the normalization factor. In order to plot |κ|, we take the absolute value
of the median but keep the relative distance of interquartile range.
8FIG. 6. a) measured power values versus input power b) κ generated from classical paths only c) κ generated from spline
interpolation method d) κ generated from polynomial fit.
9FIG. 7. a) measured power values versus input power b) κ generated from the naive application of the superposition principle
using MOM c) κ generated from spline interpolation method d) κ generated from polynomial fit.
• Plot (a) captures the non linearity not only due to
the power probe but also the source signal genera-
tor itself. There is no trusted device that one can
assume is perfectly linear and use as a source such
that only the measurement device non linearity can
be captured. In our experiment, the source is used
at a constant power and thus non linearity due to
the source does not affect us. The effective non
linearity seen in our experiment is thus lower than
what we have been able to estimate. The issue of a
trusted device also existed in previous work [16] as
there the attenuator was assumed to be a trusted
device.
B. Approximations sometimes made in astronomy
The experimental result reported in this manuscript
has several implications in optics as well as related areas
of research like Radio Astronomy. In the latter, the com-
munity is divided in the sense that while some work in
available literature seems to take into account boundary
condition effects [23, 24], there are others which seem to
ignore them [25, 26]. We have explored this application
in further detail and found that by taking relevant pa-
rameters from such experiments [26], we get κ to be of the
order of 10−2 which is definitely not ignorable any more
considering that here we are reporting an experiment
where we have successfully measured the quantity much
above the error bound. There are some applications in
this field where the naive application of the superposi-
tion principle is routinely used, for instance in calculation
of array factor [27] as well as in estimation of effects of
badly behaving antennas in an array configuration. We
find that for very large arrays, such approximations may
hold upto a point; however, the gain calculated using cor-
rect boundary conditions (MOM simulations) gives much
better match than array factor at higher angles. The va-
lidity of the approximations is inversely proportional to
the array size and is also dependent on whether the ab-
solute power value is of concern (in which case boundary
conditions play a big role as opposed to normalization
with bright sources in the sky). In any event, our current
experimental results and calculations using radio astron-
omy parameters tells us that these boundary conditions
will play a crucial role in future experiments on precision
astronomy where errors from other sources would have
been suitably minimized. Further details can be found
in the Methods section.
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C. Conclusion
Being one of the first non-zero detections of the
normalized Sorkin parameter, our experiment vindicates
the recent claims of different theory papers that the
superposition principle when applied to slit based inter-
ference experiments needs a correction term originating
from the difference in boundary conditions presented
between multiple slits opened all at once compared with
a summation of the effects from the slits being opened
one at a time [6, 8–10]. This correction term has been
expressed in terms of the contribution from non-classical
paths in the Feynman Path Integral formalism [6, 8].
Ours being a tunable experiment, we are able to increase
and decrease the effect due to these non-classical paths
at will which no other experiment has done so far, thus
bringing forth the reality of Feynman paths in a classical
experiment without any ambiguity.
The non-zero value of the correction term obtained in
this experiment is well explained by the correct appli-
cation of the superposition principle and does not need
Born rule to be violated and thus has immediate impli-
cations for future experiments aimed at testing the Born
rule. Our experiment is done in a microwave length scale
domain and uses geometry effects to observe non-zero
Sorkin parameter, thus providing a benchmark for future
experiments. Any such experiment has to be carefully
designed to minimize the length scale dependent effects
on the application of the superposition principle.This is
a fundamentally important experimental result and is
expected to play a major role in the quest for genuine
post quantum higher order interference. Higher order
interference was initially discussed by Sorkin [7] in the
framework of Quantum Measure Theory. Recently, a
lot of theoretical thrust has gone towards developing
what are called generalized probabilistic theories [28]
which actually require as a postulate that higher order
interference be zero. Our work which puts a non-zero
bound on higher order interference from pure length
scale dependent boundary condition arguments then
naturally raises the following questions: Does this non-
zeroness affect such post quantum theories [29, 30] and
if so, how? What will be the far-reaching implications
now that the Sorkin parameter has been proven to be
non-zero within the realms of quantum physics and
classical electromagnetism? Finally, a question of much
practical significance arises. Since genuine higher order
interference is being investigated as a possible resource
in computation [31, 32], how will the experimental
verification that higher order interference turns out to
be non-zero affect such research directions?
III. METHODS
PRECISION ALIGNMENT
One of the most crucial steps which enables us to mea-
sure a convincing non-zero for κ involves precise align-
ment of the various components in the experiment. While
there is alignment at a basic level, there is also finer align-
ment using dedicated tools.
• The first condition to be ensured is perfect level-
ling of the ground. A spirit level is used at various
points on the ground to check the ground level and
all unevenness is filled with sand. Once preliminary
levelling is achieved, we place a marble-like stone
on the ground to ensure further smoothness. These
stones need to be settled into the ground using wa-
ter so that once set, they do not sag any further.
• The experimental set-up consists of a rail, a mo-
tor for horn antenna detector movement, two horn
antennas, slot stand and slots. The source horn
antenna is connected to an Anapico signal gener-
ator which generates microwaves at 6 GHz. The
receiver horn antenna is connected to a high fre-
quency power probe from Agilent. The data acqui-
sition is done by using Labview.
• The next alignment involves alignment of transmit-
ter and receiver horn antennas.
• The transmitter horn antenna is fixed while the re-
ceiver antenna moves on a rail. For initial align-
ment, the receiver antenna is placed at the centre
of the rail directly in front of the source antenna.
It is ensured that the two antenna centres coincide
with each other. This is done using a plumb line.
• Once the perpendicular alignment is done, one
needs to ensure that the distance between the edge
of the rail on either side is the same from the source.
This is done using a Laser Distance metre (LDM).
• Next, the slot stand (made of high density ther-
mocol which is separately checked to be a perfect
transmitter for the 6 GHz microwaves upto the de-
sired accuracy)is placed between the source and re-
ceiver. The distance between the source antenna
probe wire and the receiver antenna probe wire is
2.50 metres and the slot stand is exactly 1.25 me-
tres from each. The distances are again ensured
using LDM.
• Water level is used to ensure that the height of both
the source and receiver antennas are 1.75 metres
from the ground.
• Figure 8 shows the final set up which is housed in
an appropriate tent for protection against wind and
rain.
• One of the considerations that plays a role in exper-
iments which are performed in open field conditions
is the possibility of reflection from the ground af-
fecting the source radiation. Other than the back
reflections from metal and other structures on the
field (which we have discussed in detail in the sup-
plementary material), we also need to confirm that
reflections from the earth’s surface do not cause any
difference in measured power. One can reduce the
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FIG. 8. Final experimental set up which is housed in a tent
effective reflection from the ground by raising an-
tenna height to an extent that these reflections do
not play any role. Figure 9 shows a plot of mea-
sured power vs height of source and receiver an-
tenna at different source powers (0 dBm, 10 dBm,
15 dBm) when the source and receiver antenna are
at a distance of 8 metres from each other. As one
can see, beyond 145 cm height of the antennas,
there is no appreciable change in power measured.
This implies that beyond this height, there is no rel-
evant change caused due to specular reflection. Our
experiment was conducted at source and receiver
antenna heights of 175 cm and at a smallest source-
receiver distance of 2.5 metres where the specular
reflection component will be even more negligible.
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FIG. 9. Measured power values as a function of antenna
height for source-receiver distance of 8 metres. The values
saturate to almost the same value beyond 145 cm.
In order to substantiate this point further, we include
below a geometry based argument which proves that
ground reflections do not play a role in our experiment.
Consider the two horn antennas 2.5 m apart at a height
of 1.75 m from ground as shown in Figure 10. From laws
of reflection, both source and detector antennas will see
the waves reflected from the ground at a distance of 1.25
m from it. Since both the antennas are at 1.75 m above
the ground level, the angle subtended by the ray that gets
detected after ground reflection from the line joining the
two detectors is
arctan
(
1.75 m
1.25 m
)
= 54.46◦ (3)
If we consider that the direct beam has a unit gain
from the antenna and factor in the gain at 54.46◦ ap-
propriately, under realistic ground reflection percentages
(typically chosen to be 10%), the change in power due to
ground reflection (compared to the direct beam) will be
about 0.0001. This is less than experimental errors due
to source fluctuations (typically 0.003) and hence is not
a major source of error in the experiment.
ERROR ANALYSIS
A precision experiment on an open field may seem
like incompatible conditions. Thus, a lot of time and
work has gone into ensuring proper representation and
accountability of all possible errors. Both random and
systematic errors can affect the experiment. A fluctuat-
ing source power will add uncertainty to measured κ but
the mean κ will not be affected. On the other hand, a sys-
tematic drift in the source power will make different slot
combinations experience different effective source powers
which in turn will cause a shift in the mean κ itself. We
have done several hours of source stability analysis and
ensured that the error due to fluctuations (typically of
the order of 10−3) of the source is much below the re-
quired precision level. Our source also does not suffer
from drift within the time required to measure a κ value.
This has governed the choice of measurement time for
each κ value which is typically fifteen minutes. Further
precaution has been taken by measuring the background
contribution before and after each slot combination and
using the average of the two as the representative back-
ground value. There are other errors which are unrelated
to the source like possible tilt of slot stand, improper fit-
ting on slot in stand etc. We have ensured as near perfect
an alignment as possible and repeated the measurement
several times to randomize the error further. Other than
experimental errors, in order to have fair comparison be-
tween experiment and theory, we also need to ensure that
the theory is not for ideal conditions but in fact takes into
account the non idealness and associated uncertainties in
different components like length parameters and material
parameters. This leads to the generation of the theory
band.
We calculate PBGα by measuring background before
and after the slot combination α. Each measurement of
background consists of taking 3000 readings (about 45
seconds ). To compute the mean µ(PBGα) we average
over the 6000 readings (combining the readings before
and after). To compute the σ(PBGα) we take the stan-
dard deviation of 6000 readings. We do the same thing
for pα, the slot combination. From here, we use the for-
mula for κ to compute mean µ(Pα) where all the power
values are the mean quantities.
We compute the uncertainty in Pα as follows:
δPα =
√√√√√∂(PBGα−pαPBGα )
∂PBGα
δPBGα
2 +
∂(PBGα−pαPBGα )
∂Pα
δPα
2
(4)
In the above equation, we choose to ignore the higher or-
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FIG. 10. Figure on left shows two horn antennas facing one another at a distance of 2.5 metres and at a height of 1.75 metres
from the ground. The source and detector antennas both will see waves reflected from the ground at an angle of 54.46◦. Figure
on right shows the antenna gain pattern.
der terms and further assume that background and slot
combination powers are independent (in terms of its vari-
ation). In the above equation, the partial derivatives are
calculated by first taking the partial derivative and then
substituting the means. For the variations, the std devi-
ation is used.
This gives us error in each effective slot combination.
Then the mean kappa for a data set is computed using
commensurate equation [2] in Main Text where in RHS
all the quantities are mean for each effective slot combi-
nation.
The error in κ is simply computed as
σκ =
√∑
(σPα)
2 (5)
We measure 10 κ values at each detector position.The
logic for this choice is as follows. If the standard devia-
tion of the mean of a certain number of readings is lower
than the average error bars of each data set, then we can
say the experiment is reproducible. In other words, if
we take random samplings of a certain number of data
sets and calculate the standard deviation for the same,
we will find that as the number of data in the random
sampling increases, the standard deviation drops and be-
comes comparable to the individual error bar. In our
case, the error bar corresponding to one κ value is of the
order of 10−3 and the standard deviation of the random
samplings of κ values drops to this order after 5 to 6 κ
measurements at most detector positions. To overcom-
pensate, we have decided to measure 10 κ data sets at
each detector position. Figure 11 shows a comparison
between measuring 10 and 20 κ data sets which demon-
strates further that 10 is a statistically significant number
of data sets to be measured at each detector position.
However, the distribution of κ over 10 datasets is not
always a normal distribution at all detector positions.
For each κ value, we have 15 sets of data corresponding
to different slot combinations as well as background ra-
diation value. Each data set has 3000 raw data points. If
we plot a histogram of these 3000 points, for some of the
combinations (around 2% of the total number), the dis-
tribution is not normal as we would ideally like it to be,
but slightly skewed. This means that sometimes, some
combinations have some unwarranted fluctuations. This
could have a simple cause like slight tilt in placing the slot
in the slot stand which could have affected some of the
data sets. As a result of this, at some detector positions,
the 10 κ values when plotted as a histogram also some-
times do not follow a normal distribution. This motivates
our choice for the median instead of the mean as being
more representative of our experiment. Mean is more
prone to being affected by sudden fluctuations in num-
bers while median less so. That is why, we have chosen
the median and its attendant inter quartile range as our
inputs to the analysis instead of the mean and standard
deviation. Even in the individual κ estimations, we used
the median of the 15 quantities which contribute to κ in-
stead of the mean for completeness. In this manuscript,
we represent the data in a box plot, where we have the
median of 10 κ values as the representative value at each
detector position and the inter quartile range plotted as
the error bar.
• The median of the distribution
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FIG. 11. Figure on top shows the comparison between measuring 10 κ values at 5 detector positions vs measuring 20 κ values.
As can be seen, measuring more than 10 values does not bring about any appreciable change in median or error bar. The figure
below shows how the standard deviation when one takes random samplings without repetition of a certain number of data sets
(here 20) drops as one increases the number of data sets participating in the draw. For instance for the κ values measured at
the central position (0 cm), even 2 κ values make the standard deviation drop below the random propagation error in individual
κ values which is shown by dotted lines. For the position immediately to the right of the centre (5 cm), the number required
for this to happen is higher at 7. However, in none of the positions shown (and otherwise), one needs more than 10 κ values
for this condition to be satisfied. This implies that 10 is a statistically significant number of data sets to be measured at each
detector position.
• The interquartile range : The range that covers
(Q1) 25% to (Q3 )75% of the data
• Near outliers, Any data point beyond Q1−1.5(Q3−
Q1) or Q3 + 1.5(Q3−Q1) is called a near outlier.
• Far outliers, Any data point beyond Q1 − 3(Q3 −
Q1) or Q3 + 3(Q3−Q1) is called a far outlier.
In our results plot in the main text, we have chosen to
not show the small number of outliers that were present
in a few detector positions and shown the median and
interquartile range as per standard convention.
SOME CALCULATIONS USING PARAMETERS
FROM RADIO ASTRONOMY
Figure 12 shows the configuration that we have used to
calculate κ from parameters used in simulations of signals
from the epoch of reionization of the early universe [26].
We simulate the κ as a function of detector position
for an inline array of three dipole antennas. We consider
a wire of radius λ/100 and length λ/2 with a centre fed
port to be an array element [26] and measure κ as a func-
tion of detector position at z = 103λ which mimics far
field. We have confirmed that the reciprocity theorem
holds and the resultant graph for the three antennas act-
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FIG. 12. The figure on the left shows κ as a function of detector position. The red line indicates simulation done using Method
of Moments. The blue dotted line is the result from the analytical formula based on path integral formalism derived in [8]. The
figure on the right shows the dipole array configuration that was simulated.
ing as sources and acting as detectors is the same. (It
is more common for antenna arrays to be used as de-
tectors of signals from the early universe but easier for
us to simulate the source based configuration). For in-
line configuration, κ computed from analytical formula
[8] and numerical MoM method have similar modulation
and magnitude.
κ thus simulated from experimental astrophysical pa-
rameters and its convincing match with analytical path
integral formula indicates that boundary condition effects
are significant even in such experiments. The experimen-
tal astronomy community should take note of this result
especially in the context of the current experiment which
demonstrates that such order of magnitude for the de-
viation from superposition principle can be convincingly
measured. Such effects will be especially significant in
precision astronomy experiments where macroscopic er-
ror sources would have been eliminated.
EFFECT OF DETECTOR SIZE ON κ
We have simulated the effect on κ from changing detec-
tor size inspired by observations in [15]. The detector size
is varied as a fraction of the mean experimental aperture
size value. It is varied uniformly for both E and H plane.
Zero aperture size represents a screen detector. The un-
certainty band has been formed by taking into account
uncertainties in experimental parameters and the plot in
Figure 13(a) indicates that our measured κ value does
not depend significantly on detector aperture size.
COMPARISON OF PATH INTEGRAL RESULT
WITH FINITE DIFFERENCE TIME DOMAIN
SIMULATIONS
As earlier theory work on estimating the deviation
from the superposition principle was done using path in-
tegral formalism [6,8] and FDTD simulations[9], we have
also analysed our experiment using these techniques. Fig-
ure 13(b) shows the κ as a function of detector position
for our slot experiment parameters using both path in-
tegral and FDTD. The parameters used for the FDTD
simulations were vertically polarized point dipole source,
source to slot plane distance of 1m, slot plane to detec-
tor plane distance of 1m, simulation box = 2m along slot
plane * 2.5m along the beam propagation direction, com-
posite slots of 3.0mm aluminium sandwitched between
2.2.mm Eccosorb material, slot width of 10cm, inter-
slot distance of 13cm. Eccossorb material model was
for a paramagnetic material with permittivity of 11.107
and permeability of 1.912. For the path integral simu-
lations, we used slot width of 7cm, inter-slot distance of
13cm, wavelength of 5cm, point source with same source
plane-slot plane and slot-plane-detector plane distances
as FDTD.
While FDTD and Path Integral show reasonable match
in magnitude and modulation, the plot does not match
very well in magnitude with experiments as well as sim-
ulations based on Method of Moments (MOM). Both
FDTD and Path integral have several shortcomings as
compared to the full wave MOM based simulation. While
these are 2D simulations, MOM is 3D. In MOM, one can
define the horn source and horn detector while in both
these methods, we use point source and point detector.
Moreover, being 2D simulations, both FDTD and path
integral assume an infinite slot height which is not the
case in reality (slot height is 30 cm). Moreover, both
path integral and FDTD will have errors as one moves
away from the centre. Errors in path integral are due to
finite integration domain whereas in FDTD, one has er-
rors due to PML reflections. Over and above these, path
integral suffers from some additional limitations. The
path integral formalism used in this paper as well in [6]
and [8] is based on scalar field theory whereas FDTD
can take into account source polarization. In path inte-
gral, material properties need to be accounted for by the
concept of “effective width”. Also, we use the thin slot
approximation whereas the slot actually has finite thick-
ness.
Inspite of the above limitations, path integral formalism
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(a) (b)
FIG. 13. (a) κ at the central detector position as a function of varying detector aperture size. (b)The red line shows κ as
a function of detector position obtained using FDTD and parameters corresponding to figure 2b. The blue line is generated
using path integral formalism. The effective slot width in path integral has been taken to be 7 cm as opposed to the actual
width of 10 cm. As path integral does not capture material properties, it fails to capture the effect due to waves penetrating
the material leading to an effective slot width which is smaller than actual one. This has been discussed in detail in [8]. FDTD
on the other hand has material parameters as input so does not require the concept of effective slot width.
gives the same order of magnitude for κ as FDTD as well
as similar modulation as experiment. It also serves as a
useful aid to distinguish between actual non-zeroness of
κ and error contributions as the contributions from the
non classical paths can be turned off and on at will. It
is thus a handy theoretical tool which is perhaps slightly
too ideal to expect perfect match with experiments.
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Supplementary material
FIG. S1. The division of the slot plane into seven regions
to explain the modification to the definition of the Sorkin
parameter in slot based interference experiments
MODIFICATION TO THE DEFINITION OF THE
SORKIN PARAMETER IN THE SLOT BASED
INTERFERENCE EXPERIMENTS
As seen in Figure S1, in case of a triple slot configu-
ration, the slot plane can be divided into 7 regions. Let
us denote the electric field emanating from region“x” as
~Ex and magnetic field as ~Hx. Then naive application of
the superposition principle gives us the following:
• ~SBG ∝ ( ~E1 + ~E2 + ~E3 + ~E4 + ~E5 + ~E6 + ~E7) ×
( ~H1 + ~H2 + ~H3 + ~H4 + ~H5 + ~H6 + ~H7)
• ~SA ∝ ( ~E1 + ~E3 + ~E4 + ~E5 + ~E6 + ~E7)× ( ~H1 + ~H3 +
~H4 + ~H5 + ~H6 + ~H7)
• ~SB ∝ ( ~E1 + ~E2 + ~E3 + ~E5 + ~E6 + ~E7)× ( ~H1 + ~H2 +
~H3 + ~H5 + ~H6 + ~H7)
• ~SC ∝ ( ~E1 + ~E2 + ~E3 + ~E4 + ~E5 + ~E7)× ( ~H1 + ~H2 +
~H3 + ~H4 + ~H5 + ~H7)
• ~SAB ∝ ( ~E1 + ~E3 + ~E5 + ~E6 + ~E7) × ( ~H1 + ~H3 +
~H5 + ~H6 + ~H7)
• ~SBC ∝ ( ~E1 + ~E2 + ~E3 + ~E5 + ~E7) × ( ~H1 + ~H2 +
~H3 + ~H5 + ~H7)
• ~SCA ∝ ( ~E1 + ~E3 + ~E4 + ~E5 + ~E7) × ( ~H1 + ~H3 +
~H4 + ~H5 + ~H7)
• ~SABC ∝ ( ~E1+ ~E3+ ~E5+ ~E7)×( ~H1+ ~H3+ ~H5+ ~H7)
We see that if we compute the numerator of κ defined for
slits
num(κ) = pA+pB+pC−pAB−pBC−pCA+pABC = pBG
(6)
Here ~Sα denotes the Poynting vector corresponding to a
slot combination α and pα denotes the real part of the
Poynting vector which is the same as the magnitude of
the Poynting vector in the radiative zone of the antenna.
Thus, we can define the new numerator to be
pBG − num(κslits) (7)
which is zero when we apply the superposition principle
incorrectly.
Thus, we define κ for slots as
κSLOT =
pBG − (pA + pB + pC − pAB − pBC − pCA + pABC)
max(pBG)
(8)
In our manuscript, κSLOT will be denoted by κ.
EFFECT OF BACK REFLECTION FROM
ANTENNA/SLOTS ON MEASURED VALUES OF
κ
When metal structures face each other and one is a
source while the other a receiver, there is a possibility
that the metal from the receiver will reflect some radia-
tion back to the source as a result of which the radiation
from the source will have an additional effect. In case
of the current experiment which falls in the domain
of precision experiments, it becomes very important
to establish that such variations if any in the source
radiation does not lead to a “false” non-zero κ. In
this experiment, there are three different ways in which
such effects can play a role and we have systematically
investigated all such effects and eliminated them as
major contributors to our measured κ.
The first investigation involved varying the source-
receiver distance and measuring the receiver power as
a function of detector position at increasing distances.
While we found that there is some fluctuation and vari-
ation in the measured power for short distances between
the source and receiver as expected, as the distance
increased, the receiver power settled down to a constant
value. This happens at about 50 cm distance between
the flares of the two horn apertures. Our experiment
has been carried out at a distance of 2 metres between
the two horn flares and thus we are way beyond any
distance where such effects matter. We also checked the
same effects by removing the horn structure and just
retaining the probe wires and found that the fluctuations
again drop beyond a 50 cm distance between the horn
flares. The presence of horn causes oscillations typical of
a cavity structure which does not occur in the absence
of horn. The presence of the horn of course is very
useful in increasing the gain by orders of magnitude. All
oscillations and fluctuations occur at much closer horn
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FIG. S2. κ due to current change in dipole for heterostructure
slots
to horn distance than in our experiment. We calculated
the maximum effect that any such reflection can have on
κ and found that the effects are more than one order of
magnitude lower than the measured κ. One could argue
at this point that since increasing the distance between
source and receiver gets rid of unwanted effects, why not
make it even larger? We simulated the effects at a larger
distance of 8 metres and while the simulated effects were
lowered further, so did the actual power. In terms of
measured power, in order to achieve more than three
orders of precision, the minimum incident power should
be in the micro-watt regime which is difficult to achieve
at 8 metres distance given our maximum output from
the signal generator. By choosing the distance to be 2
m instead of 8 m, the detected power roughly increases
by a factor of 16 along with a larger predicted value
of κ. This leads to a significant increase in the signal
to noise ratio. This sealed our choice for 2 m distance
between the horn flares which is 2.5 m distance between
the probe wires for our experiment.
The second investigation requires us to use the concept
of error κ as defined in the main text of the manuscript.
When we place slots directly in front of the horn source,
the slots may reflect some fields back to the source
which could also in principle cause the emitted source
profile to change. As our experiment involves changing
the slot configuration seven times, these back reflections
can lead to changing source profiles for each such case
which in turn can lead to a non-zero κ simply due to the
changing source term. We used the Method of Moments
method to calculate the complex current in the probe
wire for various slot combinations. Then we used these
complex currents to appropriately scale the source wave
function for each combination. As the current in the
probe wire will change for different slot combinations
due to the effect of back reflections, this will lead to
different source powers for different combinations. These
can then be used to estimate error κ. Figure S2 shows
the error κ calculated for our heterostructure material
using a vertically oriented wire as a source.
We see that κ, if at all is due to change in source, is
0.0025 or less (almost 50 times less than the actual κ).
For metals, we take the horn source and carry current in
the horn wire probe. We found the kappa computed from
this method is five times less than simulated kappa(about
FIG. S3. Metal Slots, Screen detector at 100 cm from slot
plane. Kappa with the imposed invariant source and the ac-
tual horn structure show remarkable agreement.
0.3).
The final investigation involved simulating error effects
in absence of horn structure as well as metal probe. This
will decide whether the simulated effects are due to re-
flections from the metal in the horn structure itself or
mutual coupling between the probe wires. First, for the
background combination, the complex electric and mag-
netic fields at the horn source aperture were calculated.
The above fields are then imposed in the simulation i.e.
they are assumed to be there without any probe wire as
well as horn metal structure. The same source is im-
posed for every combination thus guaranteeing an invari-
ant source. If there is a difference in the κ graph between
the case where the source is thus imposed to be invari-
ant and when the actual horn structure with the probe
wire acts as a source, then this can be attributed to spu-
rious effects due to back reflection and mutual coupling
etc. Figure S3 shows the κ graph obtained for metal slots
and screen detector with source-detector horn flare dis-
tance of 2 m. As can be seen, except a slight change at
the centre, the two graphs show remarkable agreement
thus ruling out back reflections as playing any dominant
role in our measured values. One should note that since
in the metal slot case, the effect can be ignored, the same
will of course hold even for the heterostructure based ex-
periments where the slots have been custom made to be
maximally absorbant.
MOVIE FILE
A movie file has been added to give a visual repre-
sentation to some of the hugging paths that are men-
tioned in the text. As these effects are sub domi-
nant, we have played with the colour scheme to en-
sure that the sub dominant contributions are visible.
We have taken three slots (same material as experi-
ment) and have the source on only from the left so that
we can see the dominant paths move forward whereas
some other much lower intensity ones make their way
along the material and through a neighbouring slit. We
have used the standard rainbow colour map to the lower
range of power values in order to make them “visi-
ble”. We have also put a block in the forward direc-
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tion to ensure that the forward moving dominant paths
do not saturate the picture. This has been uploaded at
http://www.rri.res.in/QuicLab/Kappa/
DATA AND ANALYSIS
We have also uploaded the main experimental data
as well as analysis files for κ as a function of detector
position at http://www.rri.res.in/QuicLab/Kappa/
